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Abstract

This paper presents a micro/macro theory for determining the coupled thermo-
electro-magneto-elasto-plastic behavior of arbitrary composite laminates. Two
models are considered. The first is the electo-magnetic generalized method of cells
(EMGMC) (Aboudi, 2000) micromechanics model. EMGMC has been completely
reformulated to improve its computational efficiency and has been extended to admit
arbitrary anisotropic local material behavior (in terms of the thermal response,
mechanical response, electric response, magnetic response, as well as the coupling
behavior) and inelastic local material behavior. The second model is classical
lamination theory, which has also been extended for arbitrary anisotropic material
behavior and electro-magnetic effects. The end result is a coupled theory that
employs EMGMC to provide the homogenized behavior of the composite plies that
constitute the thermo-electro-magnetic laminate. Sample results that illustrate many
of the unique aspects of the theory are presented.

1. Introduction

The phenomenon of coupling between the thermo-mechanical behavior of materials and the
electro-magnetic behavior of materials has been reported since the 19th century. By the middle of the
20th century, piezoelectric materials were finding their first applications in hydrophones. In the last two
decades, the concept of electro-magnetic composite materials has arisen. Such composites can exhibit
field coupling that is not present in any of the monolithic constituent materials. With applications in
ultrasonic imaging devices, sensors, actuators, transducers, and many other emerging components, there
is a strong need for theories that can predict the coupled response of these so call “smart” materials and
composites, as well as structures composed of them.

The basic concepts of piezoelectricity, as well as detailed discussions of applications of
piezoelectric materials, are available in Gandhi and Thompson (1992) and Uchino (1997).
Magnetoelasticity is outlined in the works of Parton and Krudryavtsev (1988) and Krudryavtsev et al.
(1990). The application of piezoelectric materials in plate structures was examined by Tiersten (1969)
and Tauchert (1992). The former investigation included, within classical lamination theory, the ability to
model piezoelectric plies with a specific polarization orientation. For general structures, the commercial
finite element code ABAQUS allows piezoelectric analysis through a number of continuum and truss
elements (ABAQUS, 2000).

Micromechanics theories, which allow the behavior of a composite to be determined from the
behavior of the constituents and their arrangement, have also been extended to included electro-magnetic
effects. Early work in this arena was done by Newnham et al. (1978) using a mechanics of materials
approach. A piezoelectric concentric cylinder model was presented by Grekov et al. (1989), while
Carman et al. (1995) included piezoelectric and piezomagnetic effects within a concentric cylinder
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approach. A good deal of relevant work in the area of micromechanics has also been done by Dunn and
co-workers. Dunn and Taya (1993) and Dunn (1993) included piezoelectric effects and pyroelectric
effects within several micromechanics theories, including the dilute approximation, the differential
scheme, the self-consistent method, and the Mori-Tanaka (1973) mean field method. Li and Dunn (1998)
extended this work by incorporating piezomagnetic effects within the Mori-Tanaka model. The electro-
magneto-elastic Mori-Tanaka method has also been the subject of investigations by Wu and Huang
(2000) and Huang et al. (2000).

Recently, the method of cells approach, presented in its original form by Aboudi (1989), in its
generalized form by Paley and Aboudi (1992), and its triply periodic generalized form by Aboudi (1995),
has been extended to include thermo-electric effects (Aboudi, 1998) and thermo-electro-magnetic effects
(Aboudi, 2000). These efforts focused on determining the effective thermo-electro-magneto-elastic
properties of composites using the triply periodic version of the generalized method of cells (GMC), and
illustrated excellent agreement between this electro-magnetic GMC (EMGMC) and the Mori-Tanaka
method results presented by Dunn and co-workers.

The objective of this paper is to present the equations and framework for a general coupled
thermo-electro-magneto-elasto-plastic theory at both the composite and laminate levels. GMC has been
chosen as the micro scale model in order to represent the behavior of the composite from the level of the
individual constituents to the level of the homogenized effective material. To model the behavior of the
composite laminate, classical lamination theory (see Jones (1975) and Herakovich (1998)) has been
employed. The presented framework enables the use of GMC as an embedded constitutive model to
represent the local composite material response at through-thickness integration points within the plies of
the laminate.

The present micro/macro theory is kept as general as possible in order to maximize its
applicability. In pursuing this generality, several significant alterations of and extensions to GMC and
lamination theory were required. First, due to the fact that GMC serves as a micro scale model in the
present framework and can be used many times to represent points within a laminate, the computational
efficiency of the model is important. Thus, EMGMC has been reformulated (as has been done for GMC
by Pindera and Bednarcyk (1999) and Bednarcyk and Pindera (2000)) to significantly decrease its number
of unknown quantities (i.e., degrees of freedom). Further, inelastic strains have been included in the
reformulation that enable inclusion of arbitrary viscoplastic constitutive models on the level of the
constituents. Finally, fully anisotropic local material behavior (in terms of the mechanical, piezoelectric,
piezomagnetic, and all coupling coefficients) has been preserved. This is important for use within
lamination theory so that the layers may be composed of plies with arbitrarily oriented poling directions.

Second, the present thermo-electro-magneto-elasto-plastic lamination theory has been extended
(with respect to the presentation of Tauchert (1992)) to include magnetic and inelastic terms. As in the
GMC reformulation, the anisotropic material behavior is preserved. Tauchert (1992) assumed
orthorhombic crystal symmetry for the laminate plies, with a fixed through-thickness poling direction.
This is a severe limitation in that, for example, a ply containing piezoelectric wires with an in-plane
orientation would not be admitted by the theory.

A final unique aspect of the present framework arises from its multi-scale nature; the ability to
analyze laminates that exhibit inelastic behavior. Most inelastic constitutive models are formulated to
represent isotropic materials (e.g., incremental plasticity (Mendelson (1968)), Bodner-Partom
viscoplasticity (Chan et al. (1988))). Thus, a structural analysis that includes such inelastic constitutive
models must localize to the level of the isotropic inelastic constituents. The present framework allows
this localization to occur, and through GMC, the local inelastic strains are homogenized to give effective
inelastic strains for the composite material. The equations of lamination theory then homogenize the
composite inelastic strains to yield the required laminate scale inelastic force and moment resultants.
Inclusion of inelasticity within the present micro/macro theory enables analysis of thermo-electro-
magnetic laminates containing metals. This capability is illustrated in the Results section of this paper as
results are given for a hybrid laminate composed of both smart composite plies and metal matrix
composite plies.
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2. The Anisotropic Electro-Magnetic Generalized Method of Cells (EMGMC) Reformulation

As mentioned in the Introduction, this work follows that of Aboudi (2000), who presented the
original formulation of the three-dimensional electro-magnetic GMC (EMGMC). Further, the
reformulation follows that performed by Bednarcyk and Pindera (2000) for the three-dimensional thermo-
elasto-plastic GMC. The geometry of the triply periodic GMC repeating unit cell is shown in Fig. 1,
where the parallelepiped repeating unit cell is composed of an arbitrary number of parallelepiped subcells,
each of which may be a distinct anisotropic material.

Allowing for complete anisotropy of each subcell material, the subcell constitutive equation is
given by,
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where G;aﬂ ") are the stress components, D,Eaﬂ ") are the electric displacement components, B,Eaﬁ ") are the
magnetic flux density components, 8£.aﬂ ) are the total strain components, gé(aﬂ 7) are the inelastic strain
components, 8;(0[/} ") are the thermal strain components, E\”") are the electric field components, £, )
are the thermo-electric field components, ,Eaﬂ ") are the magnetic field components, H ,? ) are the
thermo-magnetic field components, Clgaﬂ ") are the material stiffness components, e,(;ﬂ ") are the material
piezoelectric components, q,(;’ﬂ ") are the material piezomagnetic components, Ki(/aﬁ ") are the material
dielectric components, ag.aﬂ ") are the material magnetoelectric components, and ,u.(.aﬂ ") are the material

7]
magnetic permeability components of a given subcell (denoted by the indices @ffy ). The thermal strain

and thermal field components are related to a change in temperature from a given reference temperature
(i.e., AT) by,

[eh & ol 26 26 26, E EL BN bl omloml |- @)
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afy)

are the subcell material coefficients of thermal expansion (CTEs), & ,E are the subcell

material pyroelectric constants, and yx,ﬁ“ﬁ ") are the subcell material pyromagnetic constants.

where alg,aﬂ )
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Equation (1) can be rewritten as,

p (aBy) e_gl gl (afr)
D — [Z](aﬂ?/) _E _ ET (3)
B -H-H"

where 6, D, B, ¢, ¢, ¢, E, E', H, and H" are vectors containing the subcell stress, electric
displacement, magnetic flux density, total strain, inelastic strain, thermal strain, electric field, thermo-
electric field, magnetic field, and thermo-magnetic field components, respectively. Z is the subcell
12x12 electro-magneto-elastic coefficient matrix. Rearranging the terms in eq. (3) yields,

¢ 1) G 1) T ™) [ gr 1)
E| =[z1]"|D| +|0| + FE @)
-H B 0 H’

where ZI is the inverse of the matrix Z and 0 represents vector of length three containing all zeros.

As discussed by Pindera and Bednarcyk (1999) and Bednarcyk and Pindera (2000), due to the
inherent lack of coupling between normal and shear stress and strain components within the GMC
framework, not all subcell stress components are unique. The application of interfacial traction continuity
(in an average sense) between subcells results in the constancy of normal stress components in particular
columns of subcells throughout the repeating unit cell and constancy of shear stress components in
particular layers of subcells (see Bednarcyk and Pindera, 2000). Similarly, by imposing continuity of the
normal interfacial electric displacement components and the normal interfacial magnetic flux density
components results in the constancy of certain electric displacement components and certain magnetic
flux density components in particular rows of subcells. By taking advantage of this feature of GMC
during the formulation, the computational efficiency of the model is dramatically improved. The unique
subcell stress, electric displacement, and magnetic flux density components are,

G\ Gl Gl (D) 0) o) pn) plen) pleh) e plan  plas) 5)

502 5033 505,03, 0, Uy, Uy s DUy 7, by 7y Dy 75 Dy

Equation (5) embodies the traction, normal electric displacement, and normal magnetic flux density
continuity conditions of EMGMC. For instance, one traction continuity condition requires that
O'l(laﬂ 7) = O'l(laﬂ ") for all @ and & . By stating that only the components Gl(lﬂ ") are unique, this condition is
satisfied.

Aboudi (1998, 2000) derived the following twelve equations establishing the continuity of

displacements, electric potential, and magnetic potential (in an average sense) between subcell interfaces,
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where the overbar terms are global or average components, which represent the behavior of the
homogenized repeating unit cell, and a summation over an index &, £, or ¥ implies summation over all

N(Z
values of that index, e.g., z = z ,with N,, N 5> and N , being the number of subcells within the

a a=1

repeating unit cell in the x,, X, , and x; coordinate directions, respectively (see Fig. 1).

The next step is to substitute for the subcell strain, electric field, and magnetic field components
in eq. (6) using the rearranged subcell constitutive equation (4) while retaining only the unique subcell
stress, electric displacement, and magnetic flux density components given in eq. (5). This procedure

results in 12 equations of the form,

Zd z1" e\ +Zd el +Zd e\ +Zd 1ol +Zd VA uatlend +Zd zri”)

+Zd z11%")p| "Mzcz 1" D(‘”)+Zd 21D “’3)+Zd zIB ﬂ”+2d zI"'B “”+Zd !

=dg, - Zd £ — Zd e forall B,y

, (D

where ZIZ.(jﬂ ") denotes the components of the matrix ZI of subcell (aﬂy). The remaining eleven

equations of this form are given in the Appendix. This vital group of 12 equations can be assembled into

the following system,
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Equation (9) represents a system of N, +N;+N + 3(N sN,+N,N, +N,N ﬂ) linear equations

whose solution provides the unique subcell stress, electric displacement, and magnetic flux density
components in the subcells of the repeating unit cell given the global strain components, global electric
field components, global magnetic field components, subcell inelastic strain components, subcell thermal
strain components, subcell thermo-electric field components, and subcell thermo-magnetic field
components. The index superscripts in eq. (8) indicate that the vector contains the superscripted
components for all values of the superscript indices. For example, the vector T contains the

(1) - ;012) (v,) L) _(22) (2v,) (VoNy) (1) (Ne ;)
components, o,, ", O}, , ..., O, ', O , O ..., 0 ", ., 0", 0y, .., 0",

BgN” Vi) . As before, the overbars in eq. (8) represent global quantities that apply to the homogenized unit

cell, and, as such, do not vary among the subcells. Hence, the superscripts associated with these terms
simply indicate that, as in the vector T, the vector f* contains these terms repeated for all values of the

superscript indices. The general form of the square G matrix is given in Fig. 2. In general G may be
fully populated, but in many cases it is quite sparse. The sparseness of this matrix is related to the

population of the electro-magneto-elastic coefficient matrix, 7\ ), of the subcells comprising the
repeating unit cell, as well as the number of subcells in the repeating unit cell.

Equation (9) is solved for the vector T to yield mixed thermo-electro-magneto-elasto-plastic
concentration equations for the repeating unit cell,

T=G[fM—f’—fT] (10)
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These are mixed concentration equations because they provide the local (subcell) stresses, electric
displacements, and magnetic flux densities (in the vector T ) in terms of the global strain, electric field,

and magnetic field components (in the vector ") and local inelastic strains, thermal strains, thermo-
electric field components, and thermo-magnetic field components (in the vectors f' and ).
In solving eq. (9), the square matrix G, which is of order N,+N;+N,

+ 3(N sN,+N,N, +N,N ﬂ) , was inverted. As the number of subcells in the repeating unit cell

becomes large, this inversion can become computationally intensive. However, in Aboudi’s (2000)
original formulation of EMGMC, the subcell strain, electric field, and magnetic field components were
employed as the basic unknown quantities (as opposed to the stress, electric displacement, and magnetic
flux density components employed in the present reformulation). Since all subcell strain, electric field,
and magnetic field components are unique, Aboudi’s (2000) original formulation resulted in 12 unknown

quantities per subcell, for a total of 12N, Ny N, unknowns. Fig. 3 shows a plot of the number of

subcells vs. number of unknowns (i.e., degrees of freedom) for the original formulation of EMGMC and
the present reformulation for the case where N,=N,=N . For a reasonably-sized 12x12x12

repeating unit cell, the number of unknowns is reduced from 20,736 to 1,332 by employing the present
reformulation. A striking improvement in the efficiency of the model, when implemented in a computer
code, will also result from this reduction in unknowns.

Equation (10) provides the subcell stress, electric displacement, and magnetic flux density
components. Using the subcell constitutive equations, eq. (1), the subcell strain, electric field, and
magnetic field components can then be determined. However, the preceding statements presuppose
knowledge of the global strain, electric field, and magnetic field components (for the homogenized

repeating unit cell) that appear in the vector f* of eq. (10). If all of these components are not known,
and rather a mixed set of global stress, electric displacement, magnetic flux density, strain, electric field,
and magnetic field components is known, the global or effective constitutive equation for the

homogenized repeating unit cell is required in order to determine the global components in f" . The
global electro-magneto-elastic coefficient matrix, Z, which appears in the global constitutive equation,
also provides the effective electro-magneto-elastic properties of the homogenized repeating unit cell. The
global (or effective) constitutive equation that is needed is identical in form to the subcell constitutive
equations given in egs. (1) and (3). This equation can be written as,

G t-g —-¢
D|= [Z] E-F (11)
B ~H-H’

Clearly, complete knowledge of the global constitutive equation involves determination of the global
electro-magneto-elastic coefficient matrix, Z , the global inelastic strain components, €', the global
thermal strain components, €' , the global thermo-electric field components, E” , and the global thermo-

magnetic field components, H.

In order to determine the required components of the global constitutive equation, relations
between the global stress, electric displacement, and magnetic flux density components and the
corresponding subcell components are employed. In the context of homogenization theory, by definition
the global stress, eclectric displacement, and magnetic flux density components of the homogenized
material must equal the volume-weighted sum of their subcell counterparts,
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Retaining only the unique subcell components, as indicated by eq. (5), eq. (12) simplifies to,
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The solutions for the subcell stress, electric displacement, and magnetic flux density components, eq.
(10), are substituted into eq. (13) to yield twelve equations of the form,
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(A O30 ) (,-)}

where G(i . J ) refers to the components of the matrix G, f’ (i ) refers to the components of the vector

f' and f7 (i ) refers to the components of the vector f’ (see eq. (10)). The additional terms appearing
in eq. (14) are,

Rﬂ7=ﬁ+Nﬂ(;f—1) N,=N,N,+N,N,+N,N, )
Ny=N,+N,+Ny+N, N,=N,+2N,
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where once again N,, N, and N, are the number of subcells within the repeating unit cell in the three

coordinate directions. The remaining eleven equations of this form are given in the Appendix.
The expanded form of the global constitutive equation (11) is,
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In eq. (16), the constituents of the global electro-magneto-clastic coefficient matrix, Z, of the
homogenized repeating unit cell are indicated. C; are the effective stiffness components, e;;. are the

effective piezoelectric components, q;j are the effective piezomagnetic components, K‘; are the effective

dielectric components, a;;

J

are the effective magnetoelectric components, and ,u;. are the effective
magnetic permeability components. Comparing the twelve equations of the form of eq. (14) to the global
constitutive equation (16), the components of the global electro-magneto-elastic coefficient matrix, Z.
the global inelastic strain vector, €', the global thermal strain vector, €', the global thermo-electric field

vector, E”, and the global thermo-magnetic field vector, H” , can be readily identified. The expressions
for these terms are given in the Appendix.

With the knowledge of these terms in eq. (16), the reformulation of the thermo-electro-magneto-
clasto-plastic GMC is complete. Given any admissible state of global mixed stress/strain, electric
displacement/electric field, and magnetic flux density/magnetic field for the homogenized material, the
unknown global stress/strain, electric displacement/electric field, and magnetic flux density/magnetic
field components are determined from eq. (16). Then, eq. (10) provides the local (subcell) stress, electric
displacement, and magnetic flux density components, from which the local (subcell) strain, electric field,
and magnetic field components can be determined via eq. (1). This represents the complete local/global
solution for the repeating unit cell.

The preceding assumes knowledge of the local and global thermal and inelastic terms as well.
Given the current (spatially) constant temperature for the repeating unit cell, the subcell thermal strain,
thermo-electric field, and thermo-magnetic field components are determined from eq. (2). Then the
global thermal strain, thermo-electric field, and thermo-magnetic field components can be determined
from the equations in the appendix. The local (subcell) inelastic strains, on the other hand, must be
determined from an appropriate local inelastic constitutive model. Typically, such constitutive models
provide local inelastic strain increments or rates based on the local stress or strain state, local stress or
strain rates, and some internal state variables. This type of model functions seamlessly within the present
reformulation of EMGMC as the required local stress and strain fields (as well as the time rates of change
of these fields) are known throughout the repeating unit cell. In the presence of inelasticity, the desired
state of global stress/strain, electric displacement/electric field, and magnetic flux density/magnetic field
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must typically be applied in an incremental fashion, and the local increments of inelastic strain (as well as
any state variable increments) provided by the local constitutive model must be integrated to provide the
local inelastic strains. Once these local inelastic strains are determined, however, the global inelastic
strains can be readily obtained from the equations in the Appendix. The particulars of determining the
local inelastic strains are clearly associated with the implementation of EMGMC, in conjunction with a
specific inelastic constitutive model, within a computer code, rather than the present derivation of the
micromechanics theory.

3. Thermo-Electro-Magneto-Elasto-Plastic Lamination Theory

For general presentations of classical lamination theory, the reader is referred to the excellent
treatments by Jones (1968) and Herakovich (1998). The present formulation also extends that of Tauchert
(1992), which itself extended classical thermo-elastic lamination theory to include piezoelectric terms for
laminates including plies with a specific polarization orientation and class. The present treatment is
considerably more extensive than the aforementioned presentations in that,

1. The present formulation includes coupled magnetic effects

2. The present formulation is completely general in terms of the material behavior. The lamina may
be mechanically monoclinic and of any class electromagnetically with arbitrary poling direction.

3. The present formulation includes inelastic effects that may be modeled locally with an arbitrary
constitutive model.

Further, the main objective of the present formulation is to allow the local thermo-electro-magneto-elasto-
plastic behavior of the homogenized material at the integration points of the laminate plies to be modeled
using the EMGMC theory presented in the previous section.

The geometry of the laminated plate is shown in Fig. 4. At a through-thickness integration point,
the full three-dimensional effective thermo-electro-magneto-elasto-plastic constitutive equation (16) is
operative for the homogenized material. If attention is limited to the stresses at the integration points, eq.
(16) reduces to,

— * * * * * * — —I —T * * * o« * ]
o G, C, Gy C, C5 C S —é&n—én €y € & qn 4 4sn
— ¥ * * * ¥ * —_ B — ¥ ¥ ¥ ¥ ¥ P
On C, G, G G G5 Gy Ep—&p &y €y €y €pirs | mr 9o 9% 492 \rg | T
— * * * * * * — —7 —T % % % E1+E1 * * * H1+H1 (17)
O3 | C, G C; G, G G E33 &3~ &3 €3 €3 3|5 | Fr 93 9» 93| 5 | o7
— - C* C* C* C* C* C* 25 271 277 | . * * EZ +E2 - * * * HZ +H2
O3 14 u L Gy 45 46 || 4623 — 4653~ 42Ey €y €y G|l F | wr G 9u Dl g | gr
— C* C* C* C* C* C* 27 27[ 271" % * * E3+E3 * * * H3+H3
O3 15 25 35 45 55 56 €3 —2&3 — 28 €5 €63 G5 Qis 95 Y35
— ¥ ¥ ¥ * ¥ * _ 7 _r ¥ ¥ N ¥ ¥ ¥

LO | _C16 Cys G Cp Gy Cco_ _2812 -2&, _2812_ L€6 €2 €36 ] L96 Y926 436

Equation (17) is transformed to the laminate coordinate system, where, despite the engineering matrix
notation employed herein, 6, €, €’ , and €’ are second-order tensors, C’ is a fourth-order tensor, E ,
E’, H, and H” are first-order tensors, and e  and q* are third order tensors, and must be transformed
as such. In laminate (x, y, z) coordinates, eq. (17) becomes,

R . - - I T — = — o
O G, G, C; G, C5 Cg Eo T Tk €, € € 9y 9n  9n
R N . " I T s = —s v o s
Ty G, G, C G, G5 Gy €y TEy TEy, €y €n €y T 9o 92 9xn T
E +E H +H | (18)
o é* 6* 6* E* E* é* _ 1 _ T — — — X X —_—k — — X X
= |_ |G b b Ga o G o788 | |G €y ey E +E |- G 49 9% H +HT
e~ p~rs et S s ety 1 T —x —x —% y v — —* —x y y
O, C, G, G, Cp Cy Cg zgyz zgyz zgyz €y €y €y E +ET s Y G H +HT
v vk vk A A vk 1 T —k —k —k z z — —k —k z z
O Cs G5 G Ci Ci Gyl 26,26, 26, €5 €y € 95 95 s
R T I T e —e —s = s
190 ] LG G Gy Cy G Cg _zgxy -2, - 2¢, 1 LG €5 €3] |96 96 936 |
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An inherent assumption of lamination theory is that the laminate is in a state of plane stress. This
assumption requires that o, o _, and o _ equal zero throughout the laminate. Thus, eq. (18) reduces

vz
to,
o 0, 0, O s —¢& —&l é, &, é, |l E +E' Gy Gy Gy || H, +H'
xx 11 12 16 o " T En o € & x x 91 9n 4 x x
A = = I T A A A T ~ A ~ T 19
O On 0On 0O E,—&,—&, |~|€n €n ey ||E +E |9y 9n 4y ||H,+H, (19)

= = = I T N A N T A ~ ~ T
Oy Os O O |26, —2¢,-2¢, € €5 € | E +E; Gis G G )| H. +H,

where Q.j are components of the reduced stiffness matrix, ékj are components of the reduced
piezoelectric matrix, and ékj are components of the reduced piezomagnetic matrix. It should be noted

that, in general, Q./. cannot be calculated from the simple expressions given in Jones (1975) and

Herakovich (1998), which apply to orthotropic materials. Due to the presence of the 21 constants in the
rotated effective stiffness matrix in eq. (18), these expressions become more complex. The procedure for

determining the reduced stiffness, piezoelectric, and piezomagnetic terms in eq. (19) involves setting &

zz 2

0, ,and o equal to zero in eq. (18) and simultaneously solving the third, fourth, and fifth equations of
eq. (18) for the expressions, (‘9zz -l - 821;), (26‘yz - 28; - 25;), and (2€XZ —-2&l - 28;) in terms

of the remaining field variables. Then, these expressions are substituted into the first, second, and sixth
equations of eq. (18) and terms are grouped to identify the reduced matrix components of eq. (19). This
procedure is clearly algebraically cumbersome and this author suggests performing the reduction
numerically as part of a computer code implementation of the theory.

The next step follows classical lamination theory closely as the Kirchhoff-Love hypothesis
(Jones, 1975; Herakovich, 1998) allows the total strains throughout the laminate to be related to the

midplane strains, gl

i o the midplane curvatures, K‘; , and the through-thickness coordinate, z,

XX XX Kxx
e |=| & |+z|k° (20)
yy yy yy
0 0
2e,, 2¢,, Ky,

N x é O, Mx é O

N, =I o, |dz M, =J. o, |zdz (21
t t

N Xy ) ny Mxy _E O-xy

where ¢ is the total thickness of the laminate. Substituting eq. (20) into eq. (19) and the result into eq.
(21) yields,

N.| ¢ g% K el (z2) &l E (2) E! H (z) HT
N = ia] @ rela]w F[e]) e () [0 & | -lal B G) |-l & | -lad| 7)< la] # | e
N,| 5 2¢,, Ky, 2¢,,(z) 2¢T E.(2) ET H_ (z) HT
v k k
(22)
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M| Ee Ko 2. (2) Ee E.(z) E; H,(z) Hy
M, |= .[ [Q’f] ’Sfcv +Z[Qk] K?'y _[Qf] S;y (Z) _[Qk] S»T) _[ék] E, (Z) _[ék] E)T _[ék] H, (Z) _[ék] H; zdz
M| - 2¢,, Ky, 2¢,(2) 2, |, E.(z) El | H_ (z) HY |

where a subscript £ indicates that a quantity is associated with layer number & and can thus vary from
layer to layer. As indicated, the inelastic strain components can vary arbitrarily with the z coordinate,
and thus must be integrated through the laminates thickness. Equation (22) also indicates that the electric
and magnetic fields may vary through the laminates thickness. While this is true in general, the electric
and magnetic fields must be admissible in that they must satisfy the LaPlace equation, and further must
satisfy certain continuity conditions related to the electric potential and the magnetic potential. A
technologically significant application of thermo-electro-magneto-elasto-plastic laminated plates involves
applying different electric (or magnetic) potentials at the ply boundaries. With regard to the electric
potentials, this would involve essentially attaching the two terminals of a battery to the top and bottom of
a layer. This situation then establishes a constant electric field in the layer in question (as well as possibly
the adjacent layers). Thus, the present theory will consider only electric and magnetic fields that are
constant within each layer, but are permitted to vary between layers.

Employing the above assumption on the electric and magnetic fields and distributing the integrals
in eq. (22) per layer results in,

N, o | S .| €a(2) & | .,
Ny = Z [Qk] ‘C",?y j dz + [Qk:l Kgy ,[ zdz - [Qk} ,[ g)lfy (Z) dz — [Q‘J S)T) dz
N, | 2g), | Ky, |7 w11 2¢; (z) 26, | *
) k
Ex z; E: z; Hx z; HT | z;
—[ék] E, j dz—[ék] E)T I dz—[qk] H, j dz—[c}k] H}T, .[ dz
E. | ™ E! | H, | ™ H! |
k Hk
(23)
M| & |- Kol .| enlz A
M, =Z [Qk] gﬁy jzdz—i—[@k] Kfy J.z2 dz—[Qk] J. g)l,y (2) zdz—[Qk] g)T) Izdz
M, = 283), Fet Kfy e Fet 28:), (2) ZgXT} =
_ k
E] . E;| H. H|
—[ék] E, jzdz—[ék] E, jzdz—[ék] H, jzdz—[(}k] Hf jzdz
E_ |, > E7 | * H, | * H | *

where N is the number of plies comprising the laminate and z, refers to the z-coordinate of the top of

ply number £ (see Fig. 4). Integrating where appropriate, eq. (23) becomes the constitutive equation for
the thermo-electro-magneto-elasto-plastic laminate,

N, e | [N O[NCT [NE] [N [N [
0 1 T E ET M MT
Ny Eyy Ny Ny Ny Ny Ny Ny
0 1 T E ET M MT
Ny | _[A B]|2ey | [Ny | | No| | No| |NJ| | NJ| | N 04
M, | |B D]|«, M M; M| M MY M
0 1 T E ET M MT
My Yy My My My My My My
M, | O T B T I I 7 OV B R T
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where,

Thus, the simulated loading on the laminate can take the form of,

1.

NASA/CR—2002-211468

2eT

A=kZ]\:/1:|:Qk:|(Zk—Zk_l) B:%i[ékj(zz

.| € (2)

= I:Qk:l_[ é‘;y(z) dz

|22

T
XX
T
&y (Zk ~Zy)

R e

(25)

(26)

@7

(28)

(29)

(30)

(2 -2z.) GD

An admissible combination of force and moment resultants and midplane strains and curvatures.
2. A constant temperature change from a reference temperature.



3. A profile of electric and magnetic fields that is constant within each ply and satisfies continuity of
normal electric and magnetic potential at the ply interfaces.

Armed with this applied loading, the unimposed force and moment resultants and midplane strains and
curvatures are determined from eq. (24). From eq. (20) the in-plane strain field for the laminate (at the
through-thickness integration points) is determined. Equation (19) provides the in-plane stresses, while
eq. (18) gives the out-of-plane strain components. All of the field quantities are then transformed back to
the local coordinates for each integration point, at which point eq. (16) is applicable. This is the thermo-
electro-magneto-elasto-plastic constitutive equation for the homogenized material at a particular
integration point. Thus, using the EMGMC theory presented in Section 3, the mechanical and
electromagnetic field variables can be localized to the level of the individual constituents throughout the
laminate (see Fig. 4). In the context of inelasticity, such localization is usually necessary as the inelastic
constitutive models typically function on the level of homogeneous materials and require the local fields
to determine the local inelastic strain increments. Once these are integrated to provide the local inelastic
strains, EMGMC provides effective inelastic strains (as well as all other field variables) for the
homogenized material (appearing in eq. (17)), which are transformed to the laminate coordinate system
(as in eq. (18)). These homogenized and transformed inelastic strains are then integrated in eq. (26) to
form the inelastic stress and moment resultants.

The above outlines a multi-scale approach to modeling thermo-electro-magneto-elasto-plastic
composite structures. Herein, the particular structure that is considered is a laminated plate. Lamination
theory provides the global or structural scale theory, while EMGMC provides the micro scale theory. In
the presence of inelasticity, the localization and homogenization procedure discussed above must be
repeated at each increment of the applied laminate-scale loading. An identical approach is possible for
arbitrary thermo-electro-magneto-elasto-plastic composite structures by employing a finite element model
as the structural theory. EMGMC would then provide the homogenized behavior of the composite at the
integration points of the elements within the finite element mesh. This can be accomplished through user
constitutive model routines that can function within some commercial finite element packages.

4. Results

In order to illustrate some of the unique features of the presented coupled micro/macro theory, the
following results were generated using the theory as implemented within a computer code. It should be
noted that the results are intended to display the theory’s capabilities as opposed to addressing a practical
structural design problem. Consider the symmetric [0°/90°]; laminate depicted in Fig. 5. The middle ply
is a B/Al metal matrix composite (MMC) with a fixed fiber volume fraction of 0.25 oriented at 90°.
Neither the boron fiber nor the aluminum matrix exhibits any electromagnetic-thermomechanical
coupling, but the aluminum, as a metal, may be subject to inelastic deformation. The local inelastic
constitutive response of the aluminum was thus modeled using the Bodner-Partom viscoplastic model
(Chan et al., 1988), while the boron fiber was treated as linear elastic. The elastic properties for the boron
fiber and the aluminum matrix are given in Table 1, while the Bodner-Partom viscoplastic model
parameters for the aluminum matrix are given in Table 2. The middle ply B/Al composite was modeled

using a four subcell repeating unit cell (e, N, =1, Ny=2,and N, =2), wherein one subcell

represents the boron fiber and the remaining three subcells represent the aluminum matrix. This is
GMC’s simplest geometric representation of a continuous fiber composite. The required through-
thickness integration of the ply inelastic strains to determine the laminate inelastic force and moment
resultants (see eq. (26)) was accomplished via second order Gauss quadrature.

The exterior plies of the laminate consist of continuous BaTiO; piezoelectric fibers in a CoFe,0,
piezomagnetic matrix forming a “smart” composite. These plies are treated as linear elastic (see Table 1
for the elastic properties). The poling direction for the BaTiO; piezoelectric fibers corresponds to the x-
direction (i.e., along the fiber length), while the poling direction of the CoFe,O, piezomagnetic matrix
corresponds to the through-thickness z-direction. The ability to model a laminate such as this that
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contains materials with different poling directions highlights the utility of the generally anisotropic
formulation employed. As in the MMC middle ply, a simple four subcell repeating unit cell was
employed for the smart composite exterior plies.

Clearly, the above described laminate is symmetric. A second laminate configuration that results
from simply reversing the poling direction of the CoFe,O, piezomagnetic matrix in the bottom ply will
also be considered. While this second configuration remains thermomechanically (and electrically)
symmetric, due to the reverse in polarity, it is magnetically asymmetric. The electric and magnetic
properties for the BaTiO; fibers and the CoFe,O, matrix are given in Tables 3 and 4, respectively. Note
that the “+” associated with the CoFe,O, piezomagnetic coefficients refers to the positive and negative
polarity cases described above. Also, neither BaTiO; nor CoFe,0,4 exhibit coupling between their electric

and magnetic responses as the magnetoelectric coefficients, a; in eq. (1), are zero for both materials.
The first interesting aspect of these laminates comes from the effective properties of the
continuous BaTiO3;/CoFe,O, plies. The effective piezoelectric, piezomagnetic, dielectric,

magnetoelectric, and magnetic permeability matrices for this composite with a 0.25 fiber volume fraction
and positive polarity (as determined by EMGMC) are,

[ 4.22 0 0 0 263
-1.59 0 0 0 0 255
. =155 0 0 , . 0 0 325
e = C/m q = N/Am
0 0 0 0 271 0
0  0.0432 426 0 0
| 0 00417 0 | 0 0 0|
323 0 0 0 0 1.70
K'=| 0 0120 0 |[x10”° C/Vm a"= 0 0 0 |x10”° C/Am
|0 0 0.139 -0262 0 0
439 0 0
p'= 0 288 0 | x10° Ns*/C?
0 0 837

Thus, despite the fact that neither constituent of the BaTiO;/CoFe,0,4 composite exhibits electro-magnetic

coupling, through the matrix a", the composite does. A similar observation was made by Li and Dunn
(1998) and Aboudi (2000). If the polarity of the CoFe,O, matrix is reversed such that it is aligned with
the negative z-direction rather than the positive z-direction, the only manifestation in the effective
composite properties is a sign reversal of the q* and a* matrices.

Considering the entire laminate described earlier (see Fig. 5), the response to applied loading in
the form of a constant through-thickness magnetic field component, /_, will be simulated. The
remaining loading conditions require that the laminate is free of stress and moment resultants, free of
electric fields, and free of the remaining magnetic field components. Further, the simulated laminate
experiences no temperature change. Because the middle layer contains the time and history dependent
aluminum matrix, the simulated loading must be applied incrementally. The chosen rate for this loading
is 0.01 MA/m per second (i.e., 1x10* A/m per second). The global response of the symmetric laminate to
the applied magnetic field is plotted in Fig. 6, while the response of the asymmetric laminate (with

NASA/CR—2002-211468 15



reversed magnetic polarity in the matrix of the bottom layer) is plotted in Fig. 7. For these simulations,
the fiber volume fraction of each ply is 0.25.

Figure 6 indicates that, since the laminate is completely symmetric, the global response to the
applied magnetic field involves only extension with no curvature. The laminate ABD matrix (see eq. 24)
contains no bending-extension coupling terms (i.e., the matrix B contains only zeros), and the inelastic
and magnetic moments integrate to zero through the laminate’s thickness (see eqs. (26) and (30)). The

inelastic and magnetic force resultants, on the other hand, are non-zero. The midplane strains, 8)& and
0 . . . . . .
&,, , that arise from the applied magnetic field are plotted in Fig. 6. Also plotted is the average out-of-

plane strain, &_. This strain component does not participate directly in the laminate constitutive equation
(24), but it can be determined via through-thickness averaging of the local out-of-plane strain components
that must arise due to the plane stress requirement of lamination theory. Further, locally this strain
component can be important as it may participate in the local inelastic constitutive model. The magnitude
of the average out-of-plane strain is greater than that of the midplane strain components due to the large

g5, component of the smart plies. The magnitude of Eﬁy is the smallest of the plotted components

because of the presence of the stiff continuous boron fibers (see Table 1) of the middle ply oriented in the
y-direction. Finally, it is clear from the plots in Fig. 6 that at an applied magnetic field level of
approximately 2 MA/m inelastic deformation of the middle B/Al layer begins to occur as the curves
become nonlinear.

In addition to the midplane strain components shown in Fig. 6, an average electric displacement

component, D _, and an average magnetic flux density component, B_, arise in the laminate. These

quantities, like the out-of-plane strain can be calculated from the corresponding local quantities. The
electric displacement component arises due to the non-zero a@,; value in the smart plies, while the
magnetic flux density component must be present due to the applied magnetic field (see eq. (1)).

In stark contrast to Fig. 6, Fig. 7 indicates that the magnetically asymmetric laminate experiences
only bending with no midplane extension. This pure bending occurs despite the fact that the laminate is
electro-mechanically symmetric; only the poling direction of the piezomagnetic matrix of the bottom ply

has been reversed. As stated above, this reversal causes a sign reversal in the q° and a" matrices for the
bottom ply, and a subsequent sign reversal in the reduced q matrix for the ply (see eq. (19)). Thus, the
signs of the ( matrices for the top and bottom plies of the laminate are opposite, and it is the magnetic
force resultants that are zero while the magnetic moment resultants are non-zero (see eq. (30)). The
average out-of-plane strain, &

zz %

as well as the average electric displacement component, D _, is zero for
this asymmetric laminate. The average magnetic flux density component, B_, is identical to that which
arose for the symmetric laminate (as p° remains unchanged for each ply in the two cases).

In Fig. 7, the magnitude of &, is smaller than that of x due to the presence of the stiff boron

fibers of the middle ply oriented in the y-direction. The global manifestation of inelasticity in the middle
MMC ply is less evident for the asymmetric laminate compared to its symmetric counterpart. Yielding
begins at an applied magnetic field level of approximately 4 MA/m and causes only slight nonlinearity in
the plotted curves of Fig. 7.

To further explore the inelastic deformation of the middle B/Al ply, the inelastic strain
components for this layer are plotted in Figs. 8 and 9 for the two laminates. The plotted inelastic strain
components are the global (unit cell) inelastic strains for the MMC in the middle ply. That is, they are the

El.j] components of eq. (16), representing the homogenized inelastic strains of the heterogeneous material.

The asymmetric laminate inelastic strains represent those at the second-order Gauss integration point in
the top half of the middle ply. The components at the other integration point in the middle ply, located in
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the lower half of the ply, are of the same magnitudes, but have opposite signs (due to the laminate’s state
of pure bending). Comparing Figs. 8 and 9 confirms that yielding of the B/Al ply occurs at a much lower
applied magnetic field in the symmetric laminate as compared to the asymmetric laminate. Further, the
inelastic strains rise more rapidly in the symmetric laminate. For both laminates, it is clear that the
presence of the boron fibers suppresses inelastic strain in the direction of the fibers as the magnitude of

&/, is very small in both cases.
The effective inelastic strain, 88} , which is also plotted in Figs. 8 and 9, is a scalar quantity that

can be employed to quantify the onset of yielding. This quantity is calculated via time integration of the
effective inelastic strain increment, d 86{]7 , Where,

de,, =\|2/3¢.¢; (32)

Employing a yield criterion for the middle ply of E;ﬁ =0.01%, a final study was performed for the two

laminates. The fiber volume fraction of both exterior BaTiOs/CoFe,O, plies was varied, and the applied
through-thickness magnetic field required to cause yielding of the B/Al ply was determined. The results
for the symmetric and asymmetric laminates are plotted in Fig. 10. For all exterior ply fiber volume
fractions, the symmetric laminate exhibits yielding at a lower applied magnetic field. As one would
expect, the lowest magnetic field at yield for both laminates occurs for an exterior ply fiber volume
fraction of zero. In this case, the laminate experiences the most severe deformation because the exterior
plies contain only the piezomagnetic CoFe,O4 material. As the fiber volume fraction of the exterior plies
rises, and they contain a greater percentage of the piezoelectric BaTiO; material, the deformation is less
severe, and yielding is delayed. At an exterior ply fiber volume fraction of 1.0, yielding cannot occur
because the laminate contains no piezomagnetic materials and thus does not respond mechanically to the
applied magnetic field.

5. Conclusion

The framework for and equations of a coupled micro/macro theory for analysis of thermo-electro-
magneto-elasto-plastic composite laminates has been presented. The theory employs the electro-magnetic
generalized method of cells on the micro scale and classical lamination theory on the scale of the
laminate. Both models have been kept generally anisotropic in terms of material thermo-mechanical
behavior, electro-magnetic behavior, and coupled behavior. This provides the theory with a high level of
flexibility in terms of potential analysis applications (e.g., a laminate of composite plies with constituents
having different electro-magnetic poling directions). The presented theory includes inelastic effects, and
by nature of its multi-scale characteristics, enables use of arbitrary viscoplastic constitutive models for the
laminate constituents. Hence, the framework is suitable for the analysis of laminates composed of
electro-magnetic, as well as metallic, phases. This point, as well as the utility of the generally anisotropic
formulation, has been illustrated in the sample results that address yielding in a hybrid MMC/smart
composite laminate.
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Appendix
The twelve global equations of the form of eq. (7) are,
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The twelve equations of the form of eq. (14) are,
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The components of the global electro-magneto-elastic coefficient matrix, Z, in eq. (16) are,
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The components of the global inelastic strain vector, g’ , global thermal strain vector, g , global thermo-
electric field vector, E” , and the global thermo-magnetic field vector, H" , in eq. (16) are,
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Table 1. Elastic properties for the boron fiber, aluminum matrix, BaTiO; piezoelectric fiber, and CoFe,O,
Note: properties are given in principal material
coordinates of plies (see Fig. 5) — BaTiO; properties are given for an x; poling direction,
CoFe, 04 properties are given for an x; poling direction.

piezomagnetic matrix (Aboudi, 2000).

E11 (GPa) E22 (GPa) E33 (GPa) Vi V3 G23 (GPa) G13 (GPa) G12 (GPa)

Boron 400.00 400.00 400.00 0.20 0.20 166.67 166.67 166.67
Aluminum 71.93 71.93 71.93 0.33 0.33 27.04 27.04 27.04
BaTiO; 111.93 116.33 116.33 0.321 0.307 44.50 43.00 43.00
CoFe,0, 154.57 154.57 143.57 0.368 0.398 45.30 45.30 56.49
Table 2. Bodner-Partom viscoplastic properties for the aluminum matrix (Aboudi, 1991).

Dy (s) Z, (MPa) 7, (MPa) m n
Aluminum 1000 65 150 50 10

Table 3. Non-zero electric properties of the BaTiO; piezoelectric fiber and CoFe,O, piezomagnetic
matrix (Aboudi, 2000). Note: properties are given in principal material coordinates of plies (see
Fig. 5) — BaTiO; properties are given for an x; poling direction, CoFe,O4 properties are given for
an x3 poling direction.

€1 €12 €13 €26 €35 Ki1 K2 K33
(C/m?) (C/m?) (C/m?) (C/m?) (C/mY) | (10°C/Vm) | (10°C/Vm) | (10°C/Vm)
BaTiOs; 18.6 4.4 4.4 11.6 11.6 12.6 12.6 11.2
CoFe,0, 0 0 0 0 0.08 0.08 0.093

Table 4. Non-zero magnetic properties of the BaTiO; piezoelectric fiber and CoFe,0O, piezomagnetic
matrix (Aboudi, 2000). Note: properties are given in principal material coordinates of plies (see
Fig. 5) — BaTiO; properties are given for an x; poling direction, CoFe,O4 properties are given for
an x; poling direction. The “+” symbols refer to positive or negative x3-direction magnetic polarity.

qdis qu4 q31 q32 33 i1 oo W33
(N/Am) | (N/Am) | (N/Am) | (N/Am) | (N/Am) | (10°Ns¥C?) | (10°Ns%/C?) | (10°Ns%/C?)
BaTiO; 0 0 0 0 10 5 5
CoFe,0q4 +550 +550 +580.3 +580.3 +699.7 -590 -590 157
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Fig. 1. Three-dimensional generalized method of cells geometry with N, =3, Ny =4,and N, =2.
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Fig. 2. Form of the G matrix in the reformulation of EMGMC.
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Fig. 3. Plot of the number of unknown quantities vs. number of subcells comprising the repeating unit
cell in the original formulation and present reformulation of EMGMC for the case where
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Fig. 4. Laminated plate geometry and schematic of the multi-scale framework.
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Middle Ply:
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Fig. 5. A [0°/90°], hybrid BaTiOs/CoFe,O4 — B/Al smart/MMC laminate.
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Fig. 6. Global strain response of a symmetric [0°/90°]; hybrid BaTiOs/CoFe,O4 — B/Al smart/MMC
laminate to an applied through-thickness magnetic field. The fiber volume fraction of each ply is

0.25.
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Fig. 7. Global curvature response of a magnetically asymmetric [0°/90°]; hybrid BaTiOs/CoFe,O4 — B/Al
smart/MMC laminate to an applied through-thickness magnetic field. The fiber volume fraction
of each ply is 0.25.
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Fig. 8. Inelastic strain response of the middle ply of a symmetric [0°/90°], hybrid BaTiO;/CoFe,O, —
B/Al smart/MMC laminate to an applied through-thickness magnetic field. The fiber volume
fraction of each ply is 0.25. Note that the inelastic strain components are given in the local

coordinate system of the middle 90° B/Al ply. The effective inelastic strain, 86_1/]. , 1s determined

through time-integration the  effective inelastic  strain  increment, i.e.,

oy = Idgﬂ I«12/3d5 de;
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Fig. 9. Inelastic strain response of the middle ply of a magnetically asymmetric [0°/90°]; hybrid
BaTiO;/CoFe,0, — B/Al smart/MMC laminate to an applied through-thickness magnetic field.
The fiber volume fraction of each ply is 0.25. Note that the inelastic strain components are given

in the local coordinate system of the middle 90° B/Al ply. The effective inelastic strain, 86_1 -, 18

determined through time-integration of the effective inelastic strain increment, i.e.,

oy = Idgjﬂ. = '[«12/3d5y1. de; .

NASA/CR—2002-211468 40



25

N
o

-
(6}

Asymmetric Laminate —

-
o

[$,]
I

Applied Magnetic Field (Hz) at Yield (MA/m)

Symmetric Laminate

O T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fraction of BaTiO3 Fibers in Exterior Plies

Fig. 10. Applied through-thickness magnetic field required to cause yielding in the middle ply of a
[0°/90°]s hybrid BaTiO3/CoFe,O, — B/Al smart/MMC laminate as a function of the fiber volume
fraction of the exterior smart plies.

NASA/CR—2002-211468 41



REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
February 2002 Final Contractor Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

A Fully Coupled Micro/Macro Theory for Thermo-Electro-Magneto-Elasto-
Plastic Composite Laminates

WU-708-87-13-00

6. AUTHOR(S)

NCC3-650
Brett A. Bednarcyk
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Ohio Aerospace Institute
22800 Cedar Point Road E-13232
Brook Park, Ohio 44142

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER
National Aeronautics and Space Administration
Washington, DC 20546—-0001 NASA CR—2002-211468

11. SUPPLEMENTARY NOTES

Brett A. Bednarcyk, Ohio Aerospace Institute, Visiting Senior Research Scientist, University of Virginia, Department of
Civil Engineering, Charlottesville, Virginia 22903. Project Manager, S.M. Arnold, Structures and Acoustics Division,
NASA Glenn Research Center, organization code 5920, 216-433-3334.

12a.

DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Categories: 24 and 39 Distribution: Nonstandard

Available electronically at http:/gltrs.grc.nasa.gov/GLTRS
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390.

13. ABSTRACT (Maximum 200 words)

This paper presents a micro/macro theory for determining the coupled thermo-electro-magneto-elasto-plastic behavior of
arbitrary composite laminates. Two models are considered. The first is the electro-magnetic generalized method of cells
micromechanics model (EMGMC) introduced by Aboudi in NASA/CR—2000-209787. Herein, EMGMC has been
completely reformulated to improve its computational efficiency and has been extended to admit arbitrary anisotropic
local material behavior (in terms of the thermal response, mechanical response, electric response, magnetic response, as
well as the coupling behavior) and inelastic local material behavior. The second model is classical lamination theory,
which has also been extended for arbitrary anisotropic material behavior and electro-magnetic effects. The end result is a
coupled theory that employs EMGMC to provide the homogenized behavior of the composite plies that constitute the
thermo-electro-magnetic laminate. Sample results that illustrate many of the unique aspects of the theory are presented.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Micromechanics; Elastic; Plastic; Smart materials; Piezoelectric; Magnetic; 46

. . 16. PRICE CODE
Composites; Analysis

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




	Abstract
	3. Thermo-Electro-Magneto-Elasto-Plastic Lamination Theory
	Acknowledgements

